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PREFACE

This subsystem description handbook defines the high pressure auxiliary
propulsion subsystems for the space shuttle, selected as the result of the high
pressure auxiliary propulsion subsystem definition study. This effort was
performed for the National Aeronautics and Space Administration, Marshall Space
Flight Center, Huntsville, Alabama, under contract NAS 8-26248,

This handbook provides subsystem design and operational description, along
with a guide for subsystem design reflecting requirements other than those
specifically investigated during the study. This handbook includes schematics
and physical descriptions; pressures, temperatures and flow balances; estimated

weights;-and transient and steady state operating characteristics.

ii
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1. INTRODUCTION

The NASA space shuttle vehicle system for future manned space operations
required developing a number of subsystems which were either new or significant
extensions of current technology. Among such subsystems was the auxiliary
propulsion subsystem (APS) used for shuttle wvehicle control and maneuvering after
main engine cutoff. The magnitude of the APS control requirements was far in
excess of that for previous space vehicles. To provide a high performance APS
and, in addition, to take advantage of benefits which can be derived in the
areas of propellant logistics, safety, reuse and performance, a gaseous hydrogen/
oxygen auxiliary propulsion subsystem was identified as the most desirable type
of subsystem.

There were two basic means of implementing an APS of this type:

1. A high pressure APS, in which propellants are stored at, or conditioned

to, the most desirable thruster operating pressures.

2. A low pressure APS, in which propellants are supplied to control
thrusters from the main ascent propellant tanks at normal ullage pres-
sures,

Within these broad categories there were many APS options available. Typically,
storage of propellants, conditioning assembly design, integration with other
propulsion subsystems, and the exact mode of APS mission usage could be imple-
mented in a variety of ways.

Each basic APS category and its alternative implementation schemes offered
different advantages and disadvantages in terms of subsystem performance and
required technology developments. Thus, APS selection for the shuttle, and
definition of the advanced technology necessary for APS development, required
in—-depth studies to select the type of APS best suited to shuttle requirements.
Preliminary studies also permitted identification of the advanced technology
effort required for APS development.

To fulfill these needs, NASA contracted for APS definition studies of both
high and low pressure APS. These studies were divided into two phases. The
first, Subtask A was a conceptual subsystem definition designed to provide NASA
with sufficient data for selection of the best means of APS implementation in
both high and low pressure categories. The second phase, Subtask B, involved

preliminary design of the particular concept(s) selected in each basic APS

1-1
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category. A high pressure APS study was conducted by McDonnell Douglas Astronautics
Company-East (MDAC-EAST) under Contract No. NAS 8-26248, and is summarized in
Reference (a). NASA technical direction for this effort was provided by the
National Aeronautics & Space Administration, Marshall Space Flight Center (MSFC) at
Huntsville, Alabama, through the office of Mr, John McCarty, Deputy Chief,
Propulsion and Power Branch, Astronautics Laboratory. The Aerojet Liquid Rocket
Company, under subcontract to MDAC-East provided the analysis and design support
necessary to define the active components for APS evaluation.

The problem addressed in Subtask A of the high pressure APS study was to
provide sufficient comparative data on various APS concepts to allow selection of
the best high pressure approach for Subtask B preliminary design. This required
consideration of a large number of high pressure APS concepts. Here, the predom-
inate concern was the relative merit of the various APS concepts, rather than their
absolute performance levels. Component and assembly optimizations, within a given
subsystem concept, were limited to those areas which could potentially impact
subsystem selection. Thus, the final data resulting from this phase of study could
not be considered as representative of a refined absolute performance level for any
particular subsystem. This aspect of design was properly the result of the second
phase of study, which provided component optimizations for the selected APS comncept.
Vehicles considered in Subtask A were the two orbiters and boosters defined in
Reference (b). Mission and control requirements for the vehicles were also defined
in Reference (b). The results of the first phase (conceptual subsystem definition)
of the high pressure APS study are summarized in Reference (c). An interim subsys-
tem description handbook, Reference (d), was prepared to define the APS configura-
tions resulting from the Subtask A effort.

Subtask B was initiated using configuration concepts defined during Subtask A.
Vehicles and requirements were redefined by NASA prior to Subtask B, Reference (e).
Shuttle vehicles considered for the Subtask B APS installation were orbiter B,
orbiter C, and the booster. Trade-off studies were then performed to determine
thruster arrangement and thrust level which would best meet maneuvering require-
ments and still provide minimum weight configuration. Other criteria were con-
sidered, such as no heat shield penetration during reentry, and a common thruster
for orbiters and booster. In-depth component and assembly trade studies, and design
analyses, were performed in parallel with supporting subsystem design and operating
analyses in order to define the recommended baseline APS. The final baseline APS

installation and preliminary design, including component definition, was then

1-2
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accomplished. Results of the second phase (preliminary APS design) of the high
pressure APS study are summarized in Reference (f).

This handbook defines preliminary APS designs, operating performance, and

weight sensitivities resulting from Subtask B for high and low cross range orbiters,

and for the booster.
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2. SUBSYSTEM DESCRIPTION

APS requirements were established to satisfy Reference (e) control require-

ments. Figure 2-1 sunmarizes number of thrusters, thrust level, and total impulse

THRUST MUMBER OF TOTAL IMPULSE™™
LEVEL THRUSTERS HOGLBSEC)

BOOSTER ORBITER

ORBITER B 1850 24 12.666*
BOOSTER 1850 18 0.860
ORBITER C 1850 33 12.766*

** USAGE DUE TO ATTITUDE SENSOR ERRORS NOT INCLUDED
*100 LB~SEC MINIMUM IMPULSE BIT

17TH ORBIT RENDEZVOUS
REQUIREMENTS SUMMARY
Subtask B
FIGURE 2-1

required for each vehicle. Thruster locations are illustrated in Figures 2-2,

2-3 and 2-4. These locations were established to satisfy the criteria of minimum
weight, avoidance of heat shield penetration whenever possible, and use of common
thrust levels between vehicles. Tankage locations within the vehicles, Figure 2-5,
were maintained consistent with the locations shown in Reference (e).

2.1 Subsystem Design ~ In the high pressure APS design, propellant is stored

as a liquid in low pressure tankage. A turbopump at the tank outlet raises pro-
pellant pressure to that required for operation, while gas generator ﬁowers the
turbopump and heats the liquid propellants (in a heat exchanger downstream of
the pump) to temperatures required for operation of the gaseous bipropellant
thruster assemblies.,

After thermal conditioning in the heat exchanger, high pressure gaseous pro-
pellants are stored in accumulators until required by the thrusters. Thus, thé
operating mode of the accumulators and thrusters is that of a stored gas, bipropel-
lant propulsion subsystem. Turbopumps, heat exchangers, and gas generators combine
to make up a conditioning assembly to change the propellant state from that of a
low pressure liquid to a high pressure gas. The conditioner assembly operates on
demand to maintain a continuous gas supply for thruster operation. A simple

schematic of this arrangement is shown in Figure 2-6. Only the hydrogen propel-
2-1

PACDORRELYL DOUGLAS ASTRORAUTICSES COMPARNY « EAST



REPORT MDC EO0300

HIGH PRESSURE APS
DESIGN HANDBOOK

12 FEBRUARY 1971

SHOILYJ0T ¥3LSNYHL g 4311940

N gEST

€91

>
&

N1 909

Nt etet

N%..m-w:..ww q0T X 8EV'ST

— 7443078 q0T X p£0°GY
z14-3N7S g0T X G6°%
g7 99v'142Z

NI E91}—=—r-

NNM

[} ] "

=

®'D ©

@

»<
s

FIGURE 2-2

(h1'€D

NOILJ3fNI LV 92

6521 "NOILYLS

(e1'¢)
(¥1 *01)
NV AX
IHL OL oS LY
@3Lya01 ¥1-L
SUILSNYHL
— | NIOSZ =
MYA +°A- Z 91
MYA = ‘A 4 S
1708 - ‘HOLId —‘Z * I y1
7708+ ‘HOLd +'Z - I £1
17048+ ‘HOLId = ‘Z + I A
11048 - ‘HOLMd +'Z -~ I It
104 - ‘HOLId +Z ¢ I il
71704 + ‘HOLId - ‘Z - I 6
1704 *‘HOLd +'Z ¢ I 8
1104 - ‘HOLId - ‘Z - I L
MYA - ‘A= 4 9
WYA A+ 4 g
X+ £ b
X+ £ £
X- I Z
X- I I
SUILSNYHL y3IgmnN
35044nd dg7 058140 | ATawassy
¥3gwnn YIISNYHL
g 4311940

— AYVIHIANS ATTENASSY d3LSNYHL

2-2

RECDORINELE DOUGLAS ASTRORMAUTICS CORIPAPMY « EAST



REPORT MDC E0300

HIGH PRESSURE APS
DESIGN HANDBOOK

12 FEBRUARY 1971

SNOILVJ0T 431SNUHL J ¥3L1840

IRE

FIGURE 2-3

"I 186

HOLId * 1108 - 'Z - £ €l
HOLld * “T108 +‘Z - g 2
MOLid - “T108 77 * g 1
RYA * A - ¢ o1
RYA= ‘A * ¢ 6
X + £ 8
X + £ l
X - I g
X - I g
HOLId +'Z+ 13 ¥
RYA* A+ z £
VA - ‘A= z z
HOLId - ‘7~ £ I
SUILSNUHL
497 gggp | 93BWNN
0 |Aewassy
N e TS
J ¥3Lig40 -

AYVIHANS ATEW3SSY ¥ILSNUHL

714-9N718 g0T X €E°HT MM_
714-90778 g0T X £09°€T = ™'
21490718 g01 ¥ 650°7 =X¥|

g7 ¥9'c

= i

NI

oLk

NOILOZINI LY 9D
IS¥1 "Y1S

2-3

RECDORIMELEL DOUGLAS ASTRONAUTICS COMPARY ~- EASYT



REPORT MDC E0300

HIGH PRESSURE APS
DESIGN HANDBOOK

12 FEBRUARY 1971

)

F=—"NI 25§ |..._

© d

714-9N7S 0T X €10°LS m_
714-BN7S 90T X 916°€G =17

7L4-9N718 q0T X LT0°L =*¥|
g798'Ly = M

SNOILYJ0T 3 LSNYHL ¥315008

Ni 6861

"Ni 0961

10O Wung 1Lv 92
0102 "YLS

FIGURE 2-4

1704~ ‘HOLId + 3 §
1108 + ‘HOLId + £ ’
1108 ¥ 'HOLId - y £
HYA- b ¢
RYA+ b I
SYILSNUHL y3aunn
350d¥Nd | 497 ggg1 40 yIGWNN |ATAWISSY YILSNUHL

4318008 — AUVARNS ATENISSY Y3 LSNUHL

2-4

PALCDORIMELL DOUGLAS ASTRORABUTICS CORMPANY ~ EASYT



HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOOK 12 FEBRUARY 1971

Booster

<

Orbiter B

Orbiter C

APS TANKAGE REQUIREMENTS

FIGURE 2-5

2-5
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TURBOPUMP APS SCHEMATIC

FIGURE 2-6

lant side is shown, however the schematic is also representative of the oxygen
configuration. The schematic symbols are defined in Figure 2-7.

The turbopump APS defined for orbiter B, orbiter C and the booster are
basically similar. Conditioning assemblies are identical in configuration and
operation for the three vehicles. Differences are associated entirely with vehicle
configuration, which dictate different tank size and locations, line and thruster
locations, and vent arrangements. The following subsystem description will address
orbiter B, but will note orbiter C and booster configurations wherever they are
different.

APS design characteristics are defined by subsystem schematics, i.e.,
installation drawings and subsystem weight breakdowns. Subsystem schematics are
divided into two parts:

(1) the basic subsystem, and

(2) the line/thruster schematic.

Subsystem schematics, including redundancy required to provide first-failure-
operational, second—failure—fail;safe, reliability requirements are shown in
Figures 2-8 and 2-9. These redundancy requirements were definéd by failure mode
effects analyses, documented in Reference (f). The gaseous propellant distribution
schematics, along with the manifolds and manifold isolation valve definition, are
shown in Figures 2-10, 2-11, and 2-12. Installation of the subsystems within the
vehicles is shown in Figures 2-13, 2-14, and 2-15. Serviceability and maintain-
ability were considered in locating subsystem components; wherever possible,
components were located in proximity to the payload bay, since this location is
accessible with the payload removed. Access to other components, such as
thrusters and valves, is achieved by means of vehicle skin panel removal.

Subsystem design point summaries and weights are shown in Figure 2-16. Com-

ponent weight breakdowns for these design points, and significant APS volume

2-6

RACIDORRIELEL DOUGILAS ASTROMAUUTICS CORMPARY » EAST



HIGH PRESSURE APS
DESIGN HANDBOOK

la

AN =

>

3.

E—J—L_—:_I*

5.

T

HEAT EXCHANGER

PARALLEL FLOW
(SHOWN BY ARROWS)

TWO PATHS

COUNTERFLOW
(SHOWN BY ARROWS)

THREE PATHS

TURBINE OR
EXPANDER

PUMP OR
COMPRESSOR

MOTOR

FAN

GAS GENERATOR

THRUSTER
VENTURI

8.

(e

8

10.

11.

= - <

SCHEMATIC SYMBOLS

RAECDIORMNELL DOUGLAS ASTROMALUTICS CORIPARNY » EAST

REPORT MDC E0300
12 FEBRUARY 1971

VALVE

HAND OPERATED

WMOTOR OPERATED

SOLENQID OPERATED

FLOW OR PRESSURE
CONTROLLER OR
REGULATOR

MEASUREMENTS:
TEMPERATURE

PRESSURE

FLOW ORIFICE

FLOW METER,
ROTARY

CHECKVALVE

COUPLING

FILTER

LINE

LIKE CONNECTING

LINE PASSING

FIGURE 2-7
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9
S m weme e w THRUSTER GROUFP A
THRUSTER GROUP 8o awme == JSOLATION VALVES

=
ISOLATION VALVES N /7~ THRUSTER GROUP C
N N G0, ’ iSOLATION VALVES

TAC 15 Dm\, mm TAC 16a
4

TCA 3a, 3b, 3¢

ORBITER B PROPELLANT DISTRIBUTION FIGURE 2-10

2-10

RECDORIMNELL DOUGLAS ASTROMAUTICS CORIPARMY « EAST



L I g
[ 3 i
m S NOILLNGIY1SIA LNV T1T3d0dd J 43 1igy0 &
> B
m % AT eIl CelIvOL ot
> R . 3 ‘ (&)
3 e 2 ht
= & L 4z LYIL K K H 8 a8 2
Qu | by 48 &4
W oy - o L o L o O :
R = : ,, v Ay \/ «v \/
SIATYA NOLLYTOS! ” V SIATVA NOILYTOSI

Y
8

e oo cme ] (104D HALSNUHL

2wl <8\ -7 < - 981 ‘egI YOl
IATVA NOLLYTOSI . J | = _ ___ SIATYANOILYTIOSI
0 dNOYY ¥ILSNYHL | Y 9 dNOYD ¥ILSNYHL
IATVA NOILYTOSI d IATVA NOLLYTOSI
8 dNOYD YILSMYHL == o o o oo e X [ J1 \& &) = == == ===y 4n0YI YILSNYHL
CAET el aoaeumn i IEANN ~ 5 =T b Ul p G, A ARGEeN Fa RS

BE ¥OL

HIGH PRESSURE APS
DESIGN HANDBOOK

2-11

RACDORMMNELL DOLIGLAS ASTRORALUTICS CORMPARY « EAST



HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOOK 12 FEBRUARY 1971

/

oy
“THRUSTER GROUP B
ISOLATION VALVES

THRUSTER GROUP A _.*”
ISOLATION VALVES

eccnremaerny ACCUMULATORS

THRUSTER GROUP G === e =THRUSER GROUP D
ISOLATION VALVES ISOLATION VALVES
BOOSTER PROPELLANT DISTRIBUTION FIGURE 2-12
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DESIGN VARIABLES ORBITER B ORBITER C BOOSTER
THRUSTER MIXTURE RATIO 4 4 4
EXPANSION RATIO 60/120* 60/120* 40
CHAMBER PRESSURE (LBF.1N.2) 500 500 500
LINE PRESSURE DROP LBF/IN.2 40 40 40
PROPELLANT
TEMPERATURE (°R) - H, 37 37 37

0, 162 162 162
THRUSTER INLET MINIMUM PROPEL—
LANT  TEMPERATURE CR) - H, 200 200 200
0 350 350 350
ACCUMULATOR PRESSURE
RATIO ~ MAX/SWITCH ~ Hy/0, 2 2 2
SWITCH/MIN — H,/0, 1.135/1.13 1.13/1.125 1.24
PROPELLANT TANK PRESSURE
LBF/IN.2A- H, 25 25 25
0 30 30 35
THRUSTER SPECIFIC
IMPULSE — SEC 446.9/455.2¢ 446,9/455.2* 444.9
SUBSYSTEM SPECIFIC
IMPULSE ~ SEC 416.0/423.7* 416.0/423.7* 410.8
SUBSYSTEM MIXTURE RATIO 3.87 3.8 38
WEIGHT 35,879 37,070 5,310

*ATTITUDE CONTROL/TRANSLATION

TURBOPUMP APS DESIGN POINTS AND WEIGHTS

PECDONRMELL DOUGLAS ASTROMNAUTICS CORIPARY « EAST

FIGURE 2-16

2-16



HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOOK 12 FEBRUARY 1971

items, are shown in Figures 2-17, 2-18, and 2-19. Design points shown are for
weight-optimized subsystems. Subsystem pressure and temperature balances for opti-
mized subsystems and flow rates for turbine power equal 1057 power required at Pmin
are defined (along with turbopump component requirements) in Figures 2-20, 2-21,
and 2-22, These data are presented in schematic form in Figures 2-23 through 2-25.

2.2 Weight Sensitivities - Turbopump APS were investigated to determine

subsystem weight sensitivity to changes in design variables. These sensitivities
were determined by holding all but one design parameter constant at their design
points, and varying that one parameter over a limited range. These sensitivities
do not, therefore, represent the change in optimum subsystem weight corresponding
to a variation in each parameter, since a change “n any one parameter generally
produces new optimum values for the other design variables. Resulting APS weight
sensitivities are shown in Figures 2-26 through 2-28 for both orbiters and the
booster.

Also investigated in Subtask B was subsystem weight sensitivity to various
design requirements, including:

(1) thrust level per thruster

(2) subsystem total thrust

(3) total impulse

(4) number of thrusters.

Resulting variations in subsystem weight are shown in Figures 2~29 through 2-31
and were obtained, as above, by varying one parameter while holding the others
constant at their design points. A more detailed weight sensitivity breakdown is
shown in Figures 2-32 through 2-66 for orbiters B and C and for the booster. In

these figures, component weight changes for a limited range of design variables and
requirements are tabulated. Figures 2~66a, 2-66b, and 2-66c present the variations

in design conditions for the weight sensitivities.

2.3 Subsystem Operation — APS propellants are stored as liquids at low pres-

sure, then raised to subsystem operating pressure by turbine driven pumps. Heat
exchangers, using hot combustion gas, change the liquid propellant to the gaseous
phase and also provide propellant superheat. To avoid excessive conditioning assem-
bly cycling, accumulators are provided to decouple thrusters from conditioners. Con~
ditioner operation is controlled by commanding propellant conditioning assemblies to
resupply accumulators when accumulator pressure drops below a switching pressure level.
Assembly operation is illustrated in Figures 2-67 and 2-67a. Gas generator valves
and pump suction valves are commanded to open by accumulator pressure switches, and
2-17
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WEIGHT - LB | VOLUME - FTS

SUBSYSTEM ELEWENTS  * =T, o, 10
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT 6334 | 23,552
PROPELLANT TANKAGE 1% | a7 | 1849 | 332
PRESSURANT AND TANKAGE 50 [ 19
INSULATION 28 | 50

CONDITIONING ASSEMBLY

HEAT EXCHANGERS (3) 255 297
TURBOPUNPS (3) 76 124
GAS GENERATORS (3) 37

FEED ASSEMBLY i ,
ACCUMULATORS (1) 679 321 29 | 12
LINES 146 152
REGULATORS (6) 2 29
VALVES (THRUSTER ISOLATION(2)| 105 | 90
_ AND MANIFOLD) o7
THRUSTER (18/6) *

PROPULSIVE VENT AND LINES 275 184

TOTAL SUBSYSTEM 35,879 1822

* ATTITUDE/TRANSLATION )

APS COMPONENT WEIGHT BREAKDOWN
Orbiter. B

FIGURE 2-17
2-18
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WEIGHT - LB VOLUME - FT3
SUBSYSTEM ELEMENTS :
Hy | 0 Hy | O
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT 6486 | 23,748
PROPELLANT TANKAGE 1338 an 1485 | 335
PRESSURANT AND TANKAGE 454 80
INSULATION 318 63
CONDITIONING ASSEMBLY
" HEAT EXCHANGERS (3) 255 27
TURBOPUMPS (3) 75 124
GAS GENERATORS (3) 37
FEED ASSEMBLY
ACCUMULATORS (1) 700 332 0| 12
LINES 162 169
REGULATORS (6) 2% 29
VALVES (THRUSTER ISOLATION()| 111 9
AND MANIFOLD)
THRUSTER (27/6) * 1,24
PROPULSIVE VENT AND LINES 269 180
TOTAL SUBSYSTEM 37,070 1862
* ATTITUDE/TRANSLATION

APS COMPONENT WEIGHT BREAKDOWN
Orhiter C
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Y
SUBSYSTEM ELEMENTS v:,ElGHT OLB VOHLUME OF-T
2 ? 2 2
PROPELLANT AND COMPONENTS ,
TOTAL PROPELLANT 469 1737
PROPELLANT TANKAGE 225 138 108 | 25
PRESSURANT AND TANKAGE 34 8
INSULATION 30 §
CONDITIONING ASSEMBLY
HEAT EXCHANGERS (3) 259 297
TURBOPUMPS (3) 85 98
GAS GENERATORS (3) 37
FEED ASSEMBLY
ACCUMULATORS (1) 437 200 17 7
LINES 141 146
REGULATORS (6) 26 29
VALVES (THRUSTER ISOLATION(2)| 134 122
AND MANIFOLD
THRUSTER (18) 609
VENT AND LINES | 7
TOTAL SUBSYSTEM 5310 157

APS COMPONENT WEIGHT BREAKDOWN
Booster
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SUBSYSTEM WEIGHT — 1000 KLB
REFERENCED TO ZERO AT DESIGN POINT
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DESIGN VARIABLE
SUBSYSTEM ELEMENTS

PROPELLANT AND COMPONENTS
TOTAL PROPELLANT
PROPELLANT TANKAGE

PRESSURANT AND TANKAGE
INSULATION

CONDITIONING ASSEMBLY
HEAT EXCHANGERS

TURBOPUMPS
GAS GENERATOR

FEED ASSEMBLY
ACCUMULATORS

LINES
REGULATORS
VALVES

VENT ASSEMBLY
LINES
VALVES

THRUSTER ASSEMBLY

TOTAL SUBSYSTEM

THRUSTER MIXTURE RATIO
2 4 6
10222 20462 1 6334 23552 | 4960 26462
1426 387 | 1036 47| 884 445
T 733 69 | 450 791 349 89
267 43 | 248 50 | 240 52
342 287 | 255 297 225 305
173 121 76 124 49 136
39 37 36
1122 280 | 679 321 | 528 360
177 143 | 146 152 | 132 160
36 26| 2 29| 2 31
140 83 | 105 90( 91 97
346 118 | 210 1351 162 152
2 44| 65 49f 55 53
917 97 917
38091 35879 36986

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES
ORBITER B

ECDORRMELL DOUGLAS ASTRORMAUTICS COMPANY = EAST

FIGURE 2-32
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2-34

DESIGN VARIABLE ATTITUDE THRUSTER EXPANSION RATIO
SUBSYSTEM ELEMENTS 40 60 80

PROPELLANT AND COMPONENTS

TOTAL PROPELLANT 6341 23577 | 6334 23552 | 6331 23535

PROPELLANT TANKAGE 1037 418 | 1036 417 | 1036 417

PRESSURANT AND TANKAGE 450 79| 450 79| 450 79

INSULATION 248 50| 248 50 | 247 50
CONDITIONING ASSEMBLY

HEAT EXCHANGERS 257 298 | 255 297| 254 29

TURBOPUMPS 77 125 76 124 75 123

GAS GENERATOR 37 37 37
FEED ASSEMBLY

ACCUMULATORS 686 324 | 679 321 673 318

LINES 147 153 | 146 152 | 146 152

REGULATORS 26 29| 2 29| 26 29

VALVES 106 9 | 105 90 | 105 90
VENT ASSEMBLY

LINES 210 135 | 210 135| 210 135

VALVES 65 49 | 65 49| 65 49
THRUSTER ASSEMBLY 872 917 962
TOTAL SUBSYSTEM 35887 35879 35889

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES
ORBITER B

RACDORIRIELL DOUGLAS ASTROMAUTICS COMPARY = EAST
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DESIGN VARIABLE TRANSLATION THRUSTER EXPANSION RATIO
SUBSYSTEM ELEMENTS 60 120
Hy 0, Hy 02

PROPELLANT AND COMPONENTS

TOTAL PROPELLANT 6434 23934 | 6334 23552

PROPE_LLANT TANKAGE 1047 421 | 1036 417

PRESSURANT AND TANKAGE 457 80| 450 79

INSULATION 248 50 | 248 50
CONDITIONING ASSEMBLY

HEAT EXCHANGERS 255 297 | 25% 297

TURBOPUNMPS 76 124 | 76 124

GAS GENERATOR 37 37
FEED ASSEMBLY

ACCUMULATORS 679 21| 679 321

LINES 146 152 | 146 152

REGULATORS 26 291 26 29

VALVES 105 9 | 105 90
VERNT ASSEMBLY

LINES 213 138 | 210 135

VALVES 66 49 65 49
THRUSTER ASSEMBLY 872 917
TOTAL SUBSYSTEM 36346 35879

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES
ORBITER B ‘

FIGURE 2-34
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DESIGN VARIABLE CHAMBER PRESSURE (LBF/IN2A)
SUBSYSTEM ELEMENTS 300 500 700

PROPELLANT AND COMPONENTS

TOTAL PROPELLANT 6230 23755 | 6334 23552 | 6460 23548

PROPELLANT TANKAGE 1025 419 | 1036 417 {1050 417

PRESSURANT AND TANKAGE 442 80 | 450 79| 459 79

INSULATION 247 50 | 248 50 | 248 50
CONDITIONING ASSEMBLY

HEAT EXCHANGERS 256 304 | 255 2971 256 2%

TURBOPUMPS 39 9% | 76 124 13 153

GAS GENERATOR 1Y) 37 37
FEED ASSEMBLY

ACCUMULATORS 619 321 | 679 321 749 332

LINES 162 173 | 146 152 | 137 139

REGULATORS 33 37| 2 29| 23 26

VALVES 117 107 | 105 8| 99 80
VENT ASSEMBLY

LINES 199 141 | 210 135 | 246 131

VALVES 63 50 | 65 8| 713 47
THRUSTER ASSEMBLY 1165 97 784
TOTAL SUBSYSTEM 36170 35879 36037

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES
ORBITER B

RECDORRMELL DOUGLAS ASTRORIAUTICS COMPARNY = EASYT

FIGURE 2-35
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DESIGN VARIABLE

HYDROGEN TANK PRESSURE (LBF/INZ A)
SUBSYSTEM ELEMENTS 20 25 30
Hy 0, | Hy 0, | Hy 0,

PROPELLANT AND COMPONENTS

TOTAL PROPELLANT 6337 23551 | 6334 23352 | 6333 23552

PROPELLANT TANKAGE 1034 417 1036 417 | 1038 417

PRESSURANT AND TANKAGE - 213 79| 450 79| 687 79

INSULATION 248 50| 248 50 | 248 50
CONDITIONING ASSEMBLY

HEAT EXCHANGERS 255 297 | 255 2971 255 297

TURBOPUMPS 497 124 76 1241 22 124

GAS GENERATOR 37 37 37
FEED ASSEMBLY

ACCUMULATORS 679 321 | 679 3211 679 321

LINES 146 152 | 146 152 146 152

REGULATORS 26 29| 26 29| 26 29

VALVES 105 90 | 105 90| 105 90
VENT ASSEMBLY

LINES 210 135 | 210 135] 209 135

VALVES 65 49| 65 49| 65 49
THRUSTER ASSEMBLY 917 917 917
TOTAL SUBSYSTEM 36063 35879 36062

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES

ORBITER B

RECDORMMNELL DOUGLAS ASTRONAUTICS CORMPARY = EAST

FIGURE 2-36
2-37
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DESIGN REQUIREMENT SUBSYSTEM THRUST (LBF)
SUBSYSTEM ELEMENTS 3700 7400 14800
Hy 0 | H 0, | H 0,
PROPELLANT AND COMPONENTS |
TOTAL PROPELLANT 6334 23552 | 6334 23552 | 6334 23552
PROPELLANT TANKAGE 1036 417 | 1036 17 | 16 a7
PRESSURANT AND TANKAGE 450 79 | 450 19| 450 79
INSULATION 248 50 | 248 50 | 248 50
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 199 251 § 255 297 | 387 3m
TURBOPUMPS 22 8381 76 124 | 25 283
GAS GENERATOR 34 3 42
FEED ASSEMBLY
ACCUMULATORS 339 160 | 679 321 | 1357 641
LINES 114 18 | 146 153 | 188 1%
REGULATORS 18 20| 2 29| 40 44
VALVES 126 120 | 105 0l 1, 74
VENT ASSEMBLY
LINES 105 77 | 210 135 | 419 270
VALVES 40 30 | g5 49 | 105 78
THRUSTER ASSEMBLY a7 97 917
TOTAL SUBSYSTEM 31929 35879 37847

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES

ORBITER B

RECDORMMELL DODUGELAS ASTRORAUTICS COREPARNY » EAST

FIGURE 2-42
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DESIGN REQUIREMENT TOTAL IMPULSE (LB - SEC)
SUBSYSTEM ELEMENTS 12.0x 108 12.7x 108 13.0x 106
' Hy 0, | Hy 0, | H 0,
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT 6016 22329 | 6334 23552 | 6493 24164
PROPELLANT TANKAGE 1002 405 | 1036 417 | 1053 423
PRESSURANT AND TANKAGE 427 75 | 450 79 461 81
INSULATION 245 49 | 248 50 249 50
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 255 297 | 255 297 255 297
TURBOPUMPS 76 124 | 76 124 76 124
GAS GENERATOR 37 37 37
FEED ASSEMBLY
ACCUMULATORS 679 321 679 321 679 321
LINES 146 153 146 153 146 153
REGULATORS 26 29 26 29 26 29
VALVES 105 90 105 90 105 90
VENT ASSEMBLY
LINES 210 135 210 135 210 135
VALVES 65 49 65 49 65 49
THRUSTER ASSEMBLY 917 917 917
TOTAL SUBSYSTEM 34262 35879 36688

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES

ORBITER B

PR DORIMNELL DOUGLAS ASTRORAUTICS COMPARY ~ EAST

FIGURE 2-43
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DESIGN REQUIREMENT SUBSYSTEM THRUST (LBF)
SUBSYSTEM ELEMENTS 3700 7400 14800
Hy 0 | Wy 0, | H 0,
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT 6106 23748 | 6486 23748 | eas6 23748
PROPELLANT TANKAGE 1338 477 | 1338 417 | 1338 477
PRESSURANT AND TANKAGE 454 80 | 454 80 | 45 80
INSULATION 318 6 | 318 63| 318 63
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 189 251 | 255 297 | 387 34
TURBOPUMPS 2 8 | 7 120 | 234 242
GAS GENERATOR 3 37 )
FEED ASSEMBLY
ACCUMULATORS 3% 166 | 700 332 | 1400 664
LINES 126 131 | 162 169 | 208 217
REGULATORS 18 2 % 29| 39 4
VALVES 137 12 | 1m 9% | 104 76
VENT ASSEMBLY
LINES 102 75 | 208 131 | 407 23
VALVES 8 30 65 9 | 108 78
THRUSTER ASSEMBLY 1284 1244 1244
TOTAL SUBSYSTEM 36115 37070 39062

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES

ORBITER C

AMECDOMAMELL DOUGLAS ASTRORIAUTICS CORIPARY « EASY

FIGURE 2-54
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DESIGN REQUIREMENT ' TOTAL IMPULSE (LB - SEC)
SUBSYSTEM ELEMENTS 12 X 106 12.8 X 108 13 X 10
Hy 0, | H 0, | W 0y
PROPELLANT AND COMPONENTS :
TOTAL PROPELLANT 6122 20343 | 6486 23748 | 6599 24177
PROPELLANT TANKAGE 1299 463 | 1338 477 | 1350 481
PRESSURANT AND TANKAGE 421 75 | 454 80 | 462 81
INSULATION 316 62 | 318 63 | 318 63
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 255 297 | 255 297 | 255 297
TURBOPUMPS 75 124 15 1241 15 124
GAS GENERATOR 37 37 3
FEED ASSEMBLY
ACCUMULATORS 700 332.| 700 332 | 700 332
LINES ' 162 169 | 162 169 | 162 169
REGULATORS % 29| % 29| 2 29
VALVES 111 % | m % | 1m %
VENT ASSEMBLY
LINES 204 131 | 204 131 | 204 131
VALVES 65 9 | 65 8] 6 49
THRUSTER ASSEMBLY 1244 1244 1244
TOTAL SUBSYSTEM 35213 37070 37637

2-56

ORBITER C

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES

RMCDORRMELS DOUGLAS ASTROMAUTICS CORMPARIY =« EAST
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HIGH PRESSURE APS REPORT MDC E(300

DESIGN HANDBQOOK 12 FEBRUARY 1971
DESIGN VARIABLE THRUSTER MIXTURE RATIO
SUBSYSTEM ELEMENTS 5 2 ;
Hy 0, ", 0, Hy 0,
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT
762 1531 478 1741 378 1948
PROPELLANT TANKAGE 285 o 275 140 b e
PRESSURANT AND TANKAGE 55 7. 3 8 % 9
INSULATION 2 ' 39 4 37 4
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 347 268 259 297 228 306
TURBOPUMPS 19 90 % 98 56 105
GAS GENERATOR 39 ] 3
FEED ASSEMBLY
ACCUMULATORS 122 174 437 200 338 224
LINES 170 137 141 147 130 157
REGULATORS 37 26 28 29 24 32
VALVES 177 111 135 122 120 133
THRUSTER ASSEMBLY 609 609 609
VENT ASSEMBLY 11 7 1 7 11 7
TOTAL SUBSYSTEM 5961 5310 5267

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES BOOSTER
Booster

FIGURE 2-56

2-57
RACDOMNELL DOUGLAS ASTRONAUTICS COMPARY » EAST



HIGH PRESSURE APS
DESIGN HANDBOOK

REPORT MDC E0300
12 FEBRUARY 1971

DESIGN VARIABLE EXPANSION RATIO
SUBSYSTEM ELEMENTS 20 ] 60
PROPELLANT AND COMPONENTS
TOTAL PROPELL:"T 495 1808 478 1741 m 1722
PROPELLANT TANKAGE 29 ‘182 225 140 24 139
PRESSURANT AND TANKAGE 35 8 3 8 B 8
INSULATION 39 | 39 4 39 3
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 25 300 259 297 258 2%
TURBOPUMPS 92 100 86 9% 85 97
GAS GENERATOR 37 37 7 R
FEED ASSEMBLY
ACCUMULATORS 454 207 431 200 432 197
LINES 143 149 141 147 141 147
REGULATORS 28 30 28 29 27 29
VALVES 138 124 135 122 135 121
THRUSTER ASSEMBLY 564 609 654
VENT ASSEMBLY n 7 1 7 i 7
TOTAL SUBSYSTEM 5409 5310 5313
TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES BOOSTER
Booster
FIGURE 2-57
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DESIGN VARIABLE CHAMBER PRESSURE (LBF/INZ A)
SUBSYSTEM ELEMEMTS 300 00 700
PROPELLANT AKD COMPONENTS
TOTAL PROPELLANT
469 1753 478 1781 488 1747
PROPELLANT TANKAGE poot 140 225 140 27 140
PRESSURANT AND TANKAGE 33 3 34 8 35 8
INSULATION 39 4 39 4 39 4
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 260 303 259 297 260 2%
TURBOPUMPS 45 81 8 98 133 116
GAS GENERATOR 42 37 3
FEED ASSEMBLY
ACCUMULATORS 398 19 431 200 484 207
LINES 156 167 141 147 133 134
REGULATORS 35 37 28 29 24 26
VALVES 151 143 135 122 127 108
THRUSTER ASSEMBLY 762 609 531
VENT ASSEMBLY 1 7 u 7 11 7
TOTAL SUBSYSTESR 5466 5310 5326
TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES BOOSTER
Booster
FIGURE 2-58

IRCDORMELL DOUGLAS ASTRONAUTICS CORBFPARY = EASYT
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DESIGN VARIABLE

HYDROGEN TANK PRESSURE (LBF/INZ A

2-60

RACDORIRNELL DOUGLAS ASTRORAUTICS CORFPARY » EAST

SUBSYSTEM ELEMENTS 20 25 30
H, 0, Hy 0, Hy 0,
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT
478 178 478 1741 478 1741
PROPELLANT TANKAGE 25 10 225 ‘140 25 140
PRESSURANT AND TANKAGE 16 3 " 8 51 8
INSULATION 39 4 39 4 39 4
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 259 297 259 297 259 297
TURBOPUMPS 559 93 86 98 % 9
GAS GENERATOR 37 37 37
FEED ASSEMBLY
ACCUMULATORS 437 200 437 200 437 200
LINES 141 147 141 147 141 147
REGULATORS 28 29 - 28 29 28 29
VALVES 135 122 135 122 135 122
THRUSTER ASSEMBLY 509 609 609
VENT ASSEMBLY u 7 1 7 11 7
TOTAL SUBSYSTEM 5765 5310 5207
TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES BOOSTER
Booster
FIGURE 2-59
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DESIGN VARIABLE J_ OXYGEN TANK PRESSURE (LBF/INZ A)
SUBSYSTEM ELEMENTS 70 35 45
Hy 0, H, 0; ) 0,
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT
478 178 478 174 478 1741
PRESSURANT AND TANKAGE 34 9 34 8 34 12
INSULATION 39 4 39 4 39 4
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 259 297 259 297 259 297
TURBOPUMPS 8 m 86 93 86 74
GAS GENERATOR 1) 37 37
FEED ASSEMBLY
ACCUMULATORS 437 200 437 200 37 200
LINES 141 147 141 147 141 147
REGULATORS 28 29 28 29 28 29
VALVES 135 122 135 122 135 122
THRUSTER ASSEMBLY 609 609 609
VENT ASSEMBLY 11 7 11 7 1 7
TOTAL SUBSYSTEN 5977 5310 5290
TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES BOOSTER
Booster
FIGURE 2-60

RACIDORIMELL DOUGLAS ASTRORMAUTICS COMPARY - EASY
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HIGH PRESSURE APS REPORT MDC E0300
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DESIGN VARIABLE HYDROGEN MINIMUM THRUSTER INLET TEMPERATURE (°R)
SUBSYSTEM ELEMENTS 100 200 300
PROPELLANT AND COMPONENTS
P
Lﬁ;’;ﬁ:ﬁ;kﬁx - 481 1725 478 1741 475 1
226 140 225 140 224 141
PRESSURANT AND TANKAGE 2 8 2 8 3 8
[NSULATION 39 4 39 4 39 4
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 206 297 259 297 321 299
TURBOPUMPS 88 9 8 98 85 99
GAS GENERATOR 36 37 39
FEED ASSEMBLY
ACCUMULATORS 318 197 437 200 622 204
LINES 123 147 141 147 158 147
REGULATORS 28 29 28 29 27 29
VALVES 114 122 135 122 148 122
THRUSTER ASSEMBLY 609 609 609
VENT ASSEMBLY 1 7 1l 7 1 7
TOTAL SUBSYSTEM 5087 5310 5628
TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES
Booster
FIGURE 2-61
2-62

RMCDORINELL DOUGLAS ASTRORIAUTICS CORMPARY - EAST



HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOQOK 12 FEBRUARY 1971

DESIGN VARIABLE OXYGEN MINIMUM THRUSTER INLET TEMPERATURE (°R)
SUBSYSTEM ELEMENTS 300 ‘ 350 700
Hy 0y Hy 0, Ha 0,
PROPELLANT AND COMPONENTS
OPELLANT TA 25 140 225 140 225 140
PRESSURANT AND TANKAGE 9 g " 8 3 8
INSULATION 39 4 39 4 39 4
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 259 29 259 297 260 2%
TURBOPUMPS 86 9 86 98 87 %
GAS GENERATOR 37 37 7
FEED ASSEMBLY
ACCUMULATORS 435 166 437 200 439 230
LINES 141 139 141 147 141 154
REGULATORS 28 29 28 29 28 29
VALVES 135 114 135 122 135 136
THRUSTER ASSEMBLY 609 609 609
VENT ASSEMBLY 1l 7 U 7 i !
TOTAL SUBSYSTEM 5252 5310 5369

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES
Booster

FIGURE 2-62
2-63

RACDORMMELL DOLUGLAS ASTRORAUTICS COMPARNY = EARAST



HIGH PRESSURE APS REPORT MDC E0300
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DESIGN VARIABLE LINE PRESSURE DROP (LBF/INZ A)
SUBSYSTEM ELEMENTS 2 m : 60
H, 0, Hy 0, Hy 0,
PROPELLANT AND COMPONENTS
:,OR;A" PR‘:‘PE#"AEGE 477 1781 o7 1741 478 1742
PELLANT TAN 25 140 225 140 25 140
PRESSURANT AND TANKAGE py 8 34 3 " 8
INSULATION 39 3 39 4 39 4
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 259 297 259 297 259 297
TURBOPUMPS 83 % % 98 % 99
GAS GENERATOR ¥ 37 ]
FEED ASSEMBLY
ACCUMULATORS 134 198 437 200 440 20
LINES 164 171 141 147 129 134
REGULATORS 28 30 28 29 27 29
VALVES 161 149 135 122 122 108
THRUSTER ASSEMBLY. 609 609 609
VENT ASSEMBLY 11 7 1 ! 1 1
TOTAL SUBSYSTEM 5402 5310 5269
TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES
Booster
FIGURE 2-63
2-64
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HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOOK 12 FEBRUARY 1971

DESIGN REQUIREMENT THRUST/ THRUSTER (LBF) ~
SUBSYSTEM ELEMENTS 75 1850 3700
H, 0, Hy 0, Hy 0,
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT i e 1758 o 1741 3 1725
PROPELLANT TANKAG o 140 225 140 m 140
PRESSURANT AND TANKAGE 3 8 3 8 33 8
INSULATION 39 4 39 4 39 4
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 259 297 259 297 259 297
TURBOPUMPS 8 % 8 % % 9
GAS GENERATOR 3 7] 3
FEED ASSEMBLY
ACCUMULATORS 437 200 437 200 a7 200
LINES 110 115 141 147 182 190
REGULATORS 19 20 28 29 42 44
VALVES 94 86 135 122 196 173
THRUSTER ASSEMBLY 456 609 915
VENT ASSEMBLY 11 7 11 7 11 !
TOTAL SUBSYSTEM 4555 5310 5818

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES
Booster

FIGURE 2-64
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HIGH PRESSURE APS
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DESIGN REQUIREMENT .. SUBSYSTEM THRUST (LBF)
SUBSYSTEM ELEMENTS 3700 7400 14300
Hy 0, Hy 0, Hy 0,
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT 478 1741 478 1741 478 1741
PROPELLANT TANKAGE 25 10 s 140 o 140
PRESSURANT AND TANKAGE 3 8 2 3 3 4
INSULATION 39 4 39 8 39 4
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 192 251 259 297 3% 344
TURBOPUMPS 26 3 86 93 266 m
GAS GENERATOR 3 37 IX;
FEED ASSEMBLY
ACCUMULATORS . 218 100 37 200 874 399
LINES 110 115 141 147 182 190
REGULATORS 19 20 28 29 42 44
VALVES 94 86 135 122 196 173
THRUSTER ASSEMBLY. 609 609 609
VENT ASSEMBLY 1 7 1 7 1l 7
TOTAL SUBSYSTEM 4634 5310 6614

2-66

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES

Booster

FIGURE 2-65

RACDORIMELEL DOLUGLAS ASTROPAUTICS COMPARY « EAST



HIGH PRESSURE APS REPORT MDC E0300

DESIGN HANDBOOK 12 FEBRUARY 1971
DESIGN REQUIREMENT TOTAL IMPULSE (LB - SEC)
SUBSYSTEM ELEMENTS 4.00x10° 8.64 x 109 12 x 109
_ Hy 0 | H 0 | H 0
PROPELLANT AND COMPONENTS
TOTAL PROPELLANT 242 842 | 478 1741 | 47 239
PROPELLANT TANKAGE 166 ur | 225 140 | 262 157
PRESSURANT AND TANKAGE 16 4 34 8| & 11
INSULATION 35 2 39 4] a4 5
CONDITIONING ASSEMBLY
HEAT EXCHANGERS 259 297 | 259 297 | 259 297
TURBOPUMPS 86 98 86 98 | 86 98
GAS GENERATOR 37 37 37
FEED ASSEMBLY
ACCUMULATORS 37 200 | 437 200 | 437 200
LINES 141 147 141 147 }141 147
REGULATORS 28 29 | 28 29 | 28 29
VALVES 135 122 135 122 1135 122
THRUSTER ASSEMBLY 609 609 609
VENT ASSEMBLY 11 711 7111 7
TOTAL SUBSYSTEM 4059 5310 6203

TURBOPUMP APS COMPONENT WEIGHT SENSITIVITIES
BOOSTER

FIGURE 2-66

2-67
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turbopump spin-up is initiated. The oxygen valve in the heat exchanger is delayed
until turbopump speed has reached approximately half design speed. The conditioner
assembly control concept was established to satisfy three independent design
criteria: .

(1) rapid start transients; (conditioner response time is a primary factor in
accumulator sizing as it is directly related to accumulator volume. Slow
conditioner response characteristics result in excessive accumulator
weight penalties; hence, high turbine power for starting was desirable).

(2) minimum operating power; (the amount of gas generator flow required for
steady state conditioner operation directly relates to the effective
specific impulse of the APS. Hence, it was desirable to operate with
minimum turbine power under normal conditions.

(3) conditioner flow variability; (during steady state +X translation maneu-
vers, an undefined and variable amount of propellant will be required for
attitude control. Conditioners could be designed with excess flow capa-
bility but would cycle on-off during steady state operation requiring
additional life capability. Therefore it was desirable to control condi-
tioner flow in such a way that accumulators would not recharge during +X
maneuvers.

The control concept selected to satisfy these criteria provides a high gas
generator flow for turbopump starting and adjusts flow, according to accumulator
pressure during steady state operation. Recharge is accomplished at minimum turbine
power and thus with minimum bypass flow.

Primary conditioner control is provided by throttling of the gas generator
valves. These flow control valves are effectively two separate valves. One is a
fast-acting, pneumatically controlled on-off valve, while the other is a slower,
2lectrically controlled, vernier throttle valve. The vernier is located downstream
of the primary valve and provides up to 20 percent flow reduction. During steady
state,accumulator pressure controls the position of the throttling valves. How-
ever, the gas generator mixture ratio at any flow is also controlled by sensing
combustion temperature and throttling the oxygen flow to maintain proper mixture
ratio and thus temperature. Operation of these valves for conditioner control is
illustrated in Figure 2-68.

Operation of the conditioner during the start transient is shown pictorially
in Figure 2-68a. When the accumulator is fully charged, conditions are at point A,

There is no conditioner flow and the primary gas generator valves are closed while
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throttle valves are full open. With thruster usage, accumulator pressure will
decay until the switching pressure is reached (point B). The primary gas generator
valves will immediately open full (point C). During the start transient the
accumulator pressure continues to decay and the slower response throttle valves
will seek their commanded flow rate along path C-D. The accumulator immediately
starts to recharge after reaching point D and will either recharge to point E or
operate steady state with gas generator valve modulation between points D-E depend-
ing on flow demands.

The steady state operation and recharge can be described by reference to
Figure 2-68b. Steady state operation is with the gas generator valves modulating
flow and thus turbine horsepower between points 1-2 dependent on thruster flow
requirements. During recharge with no or low thruster flow requirements, the
turbine operates at minimum power along path 2-3. After full charge is reached,
the gas generator main valves close and the assembly is reset to point A by opening

the gas generator throttling valves.
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2.4 Mission Performance Analysis at Nominal and Off Design Conditions -

Parametric analyses defined the APS operational characteristics under simulated
mission operation. These analyses included investigation of the impact of
variances in propellant conditioning temperatures, and pressure regulator perfor-
mance. Analytical results are shown in Figures 2-69 through 2-80. Figures 2-69
and 2-70 illustrate subsystem operation during nominal missions, i.e. with all
components and assemblies operating at their design values and with no commanded
venting. Lines and accumulators are vented, however, to limit maximum pressure.
Figure 2-69 shows the variation in mixture ratio during a typical third orbit
rendezvous mission. As shown, during the initial phase of the mission (before
docking) mixture ratio variation due to blowdown/charging of accumulators, and
line/accumulator heating, are minimal. During the long period in which the or-
biter is docked to the space station, propellant supply line and accumulator gas
temperatures increase appreciably, which results in high mixture ratios at separa-
tion from the space station. Figures 2-71 and 2-72 show the mixture ratio which
results if lines are completely vented prior to separation from the station.

When vented, the system rapidly returns to design conditions and continues to oper-

ate at design conditions so long as usage is of any significance. Based on these

2-75

RECDORMELL DOUGLAS ASTRORMAUTICS CORIPARMY »~ EAST



HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOOK 12 FEBRUARY 1971

HO APS USAGE ——\ OPERATING RANGE

&
T
e
s
[T T}
D a.
> =
S

o=
(AW hd -
= w
S
= -
Ll =
(420
[~ 1Y)
o o.
o=
- Ll
= -
Ll
o
&
a
=

L~
8=
= o
o
=
=X
o=
wl
o
e }
’-—
>
=

| |
6 }\" 20 21 22
TIME - HR
SUBSYSTEM OPERATING CHARACTERISTICS
NOMINAL DESIGN CONDITIONS (NO VENT)
3RD ORBIT RENDEZVOUS '
FIGURE 2-69
2-76

RECIDORRIELL DOUGLAS ASTRORAUTICS COMPARY - EAST



HIGH PRESSURE APS
DESIGN HANDBOOK

OPERATING RANGE

NO APS USAGE

REPORT MDC E0300
12 FEBRUARY 1971

69

68

/l/

3.0 -

L {
2 v n S w
(52 o o)

2888 888 g8EBEZ 23
Yo ‘JUNLYYIANIL ¥ ‘IUNLYHIAWIL ¥ N8 - 0ILYY JUNLXIW

INIT MITAXO INIT NID0YAAH  FHNSSTUd YIGUWYHO

PMACDOANRIELL DOUGLAS ASTRORIAUTICS CORIPARY » EAST

u
a
(]

o™ -
[

7]
o
[
e
o
Lad
|-
(&6 )
=

x =« =
xr = o
1 ¢y >
w [=)
= €9
F ==
= £
o= =
w o
A =
o
==
Ll
(-
©
S
“
[ra
—
w3
FIGURE 2-70
2-77

17 Orbit Rendezvous



HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOOK 12 FEBRUARY 1971

OXYGEN LINE

CHAMBER PRESSURE

LBF/IN2 A

MIXTURE RATIO

2-78

HYDROGEN, LINE

TEMPERATURE, °R
[7%) € - w [F%)
=3

[—4
(=4

TEMPERATURE, °R

OPERATING RANGE

& 8
[— 1

NO APS USAGE —
=

<
=]

o an
[ — T -1

%]
(—1

N
(3]
(=4

[ne]
(=]
(=]

s 5
[— . —

450
5.00
4.75
4.50
4.25
4,00
3.75
3.50 0

eu\f 20 2 2 23 2 25

TIME ~ HR

SUBSYSTEM OPERATING CHARACTERISTICS
NOMINAL DESIGN CONDITIONS -VENTED

Third Orhit Rendezvous

FIGURE 2-71

FACDORMELL DOUGLAS ASTRORIAUTICE CORMPARY « EAST



HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOOK 12 FEBRUARY 1971

E —s
L
[}
=
< 3
[ 4 .
w =
= e
— 2
= 2
[Ty} 53
S , 2
wl
o
<
£
8
< T
o i
= = -
v
1=
= 8
2 &
o=
- w2
g v 3 = 1
25 2 QO »n
£S : e <2
=N : = Eg3
o ! .
© g : w EeN
z o : £ o5u
Z e F o=
A= =8
o a -_ [+
a5 A=
<< < o m
= T o o
=k =S
S = =L
(en) g ~
= =
Ll
‘ e
o
S
o
o0
—
e
sgs8 588 88238
Hy — 3UNLYYIdWIL Yo — JUNLYVEIINAL VZ\Nl/ 487 — JUNSS3Ud
INIT HADAXO AW HID0HUAAH YIGWYHD OlLYY 34N.LYIN
FIGURE 2-72
2-79

REACDOPRELS DOQUGLAS ASTRONAUTICS CORPANY « EASYT



HIGH PRESSURE APS
DESIGN HANDBOOK

)

REPORT MDC E0300
12 FEBRUARY 1971

H ORBIT

EZVOUS

1(12.7

wn
s

4.0

DOCKED

3.5

3.0

/\l

2.0

THIRD ORBIT

RENDEZVOUS

ELAPSED TIME - 103 MINUTES

1.5
IMPULSE TIME HISTORY - ORBITER B

DOCKED

1.0

T

2-80

REACDORIRIELL DOUGLAS ASTRORNAUTICS CORMPARY =~ EAST

1205

10,0

(Yo
@
o~ w\

OES=5HT 0T = ESTAdHI TYIOL

2.5

FIGURE 2-72a



HIGH PRESSURE APS
DESIGN HANDBOOK

HYDROGEN LINE OXYGEN LINE

CHAMBER PRESSURE

LBF/IN.2A

MIXTURE RATIO

TEMPERATURE, °R

TEMPERATURE, °R

REPORT MDC E0300
12 FEBRUARY 1971

0 APS USAGE

OPERATING RANGE

500
450
400

350
300

400
350
300
250 B
200
500
490
430
470
450
150

5004
4758~
4,50 fe
4,25
4.00
375§
3.504

! | i i ] i
6 % 20 21 22 23
TIME - HR

SUBSYSTEM OPERATING CHARACTERISTICS

HYDROGEM CONDITIONING TEMPERATURE INCREASED 5 PERCENT —VENTED
3RD ORBIT RENDEZVOUS

N~
P

FIGURE 2-73
2-81

AMODORRELL DOUGLAS ASTRONAUTICE CORMPARNY ~ EAST



HiGH PRESSURE APS REPORT MDC E0300

DESIGN HANDBOOK 12 FEBRUARY 1971
NO APS USAGE OPERATING RANGE
& 500
wl
=5 450
3= %
ZE 400
W
;_'5 o.
= = 350
= a0
géﬁ, 400
SE 3%
= =
M= 30
=
)
=
200
500
(K9]
[+
2 490
o
g _ 480
@E“g 470
=
SE =
b 450 -
5.00
o 4.75[
}—
P4
= 4.50
(V%]
5 4.5
o
= 4.00
3.75
3.50& iﬂr
’ 6 20 2 22 23 24 25
TIME - HR
SUBSYSTEM OPERATING CHARACTERISTICS
HYDROGEN REGULATION PRESSURE INCREASED 5 PERCENT —VENTED
3RD ORBIT RENDEZVOUS
FIGURE 2-74
2-82

RACDORRELL DRDQUGEAS ASTRORMAUTICS CORMPARNY ~ EAST



HIGH PRESSURE APS REPORT MDC EO0300
DESIGN HANDBOOK 12 FEBRUARY 1971

OXYGEN LINE
TEMPERATURE, °R

TEMPERATURE, °R

HYDROGEN LINE

CHAMBER PRESSURE

LBF/IN.2A

MIXTURE RATIO

NO APS USAGE OPERATING RANGE

500 g
450
400
350 &~
3004

[
g BREED. PN,

4004
390§
300
250
200
500
490
450
a0
40 |
450
5.00
475
4.50
425
4.00

3,75 : =
0 1 2 3 4 5 6 20 21 22 23 24 24

TIME - HR

SUBSYSTEM OPERATING CHARACTERISTICS

OXYGEM CONDITIONING TEMPERATURE INCREASED 5 PERCENT —~VENTED
3RD ORBIT RENDEZVOUS

FIGURE 2-75
2-83

RACDORMNELL DBOIUIGLAS ASTRORMAUTICES CORIPARY = EASYT



HIGH PRESSURE APS REPORT MDC E0300

DESIGN HANDBOOK 12 FEBRUARY 1971
NO APS USAGE OPERATING RANGE
& 500
ud
= S
—-—
=& 400
S ]
g W
T 0
WS, 400
SE 3
T
g 300
o w
L 20
g
200
500
l
o
2 190
i 480
=
u 470
= ~~
g § 450 &~
450 A~
5.00~ T~
2 4758
<X
o 4.50 [~
W _
> 4.25
>
= 4.00
3.75 | ,
3,508 | Iv | | i | e
0 6 20 21 2 23 24 2
TIME - HR
SUBSYSTEM OPERATING CHARACTERISTICS
OXYGEN REGULATION PRESSURE INCREASED 5 PERCENT -VENTED
3RD ORBIT RENDEZVOUS
FIGURE 2-76
2-84

PRCIDORIAIELE DOUGLAS ASTROMAUTICE COMPARY « EASYT



HIGH PRESSURE APS
DESIGN HANDBOOK

REPORT MDC E0300

12 FEBRUARY 1971

SNOAZIANIY L1940 HLLT

QAINZA- INION3d § QISYIUONI JYNLYYIJNIL NINOLLIGNOD NIDOHQAH
SIILSIYILIVUVYHI ONILYHIJO WILSASENS

9

174

dH - WL

0L 69 89
L ] | Je

9¢ T4 124 £ 24 3 01 6 1 0
e [ 1 JL@\ | T %é _ 5
=1 0°¢

=06
— &4

A\

SE0RE S RS AN

1520
{ 05
| st
4 008

002
% 00
009

//mwﬁ: SdY ON
——JONVY INILYHIdO

FIGURE 2-77

OLLVY FUNLXH

d39UYHI

Yo ~ JUNLYYIWIAL V¥, NI, 487 - 3UNSSIU
NI NID0UAAH

Yo — JUNLYHAJWIL
INIT NIDAXO

2-85

PAICDORINELL DOUGLAS ASTRORAUTICS CORIPANY »« EAST



SNOAZION3Y 11840 HLLI
QHINZA- LNIJU3Ad § GISYIYINI JUNSSIYA NOILYINIIY NID0YAAH

SOILSIYILIVYVHO INILVYIJO0 WILSASENS
UH - WL

u i o 8 89 19 1 % % % 2, 1 o1 § I 0
_JHﬂﬁLﬂAﬂ—wd__.e_ﬁd_éA §e

-4 0°¢

REPORT MDC E0300
12 FEBRUARY 1971

y §Z¥
0sY
Sty
00S

002

00¥
008

00¢
oov
00S
009

..........
............

.........................
...............

JONVY INILYHId0

HIGH PRESSURE APS
DESIGN HANDBOOK

FIGURE 2-78

OiLvY JunLXIN

I NID0YOAH H3gWVHI

Yo — JUNLYYIWIL W, NI/387 — FUNSSIUd

dp — JUNLVY3IdWAL
NI H3DAXO

2-86

RMICDORRELL DOUGLAS ASTRORNAUTICS CORMPARY « EASYT



HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOOK 12 FEBRUARY 1971

|

OPERATING RANGE

NO APS USAGE~\

b L

»3

=
&
B,
B
B
B
s

|
67

TIVE - HR

SUBSYSTEM OPERATING CHARACTERISTICS
OXYGEN CONDITIONING TEWPERATURE INCREASED 5 PERCENT —~VENTED

24

17TH ORBIT RENDEZVOUS

23

P A R OO

11

| L.l
(=] (Tz) [—]

s & 3
2] o~ r]

450
425 &
55

g

600 §
300
600
400

S S ~ 2 <= 2]
o = g < = o~

(=]
~N

Yo ~ RUNLVHINTL  Y¥p - UNLvyIdWaL Y7 NI/487 - 34NSSIUd

ELIRRERZY.()) 3NIT NID0HAAH dAqWYHO OLLWY UNLXIN FIGURE 2-79

2-87

RACIDORIMELL DOUGLAS ASTRONAUTICS COMPARIY « EAST



HIGH PRESSURE APS REPORT MDC E0300

DESIGN HANDBOOK 12 FEBRUARY 1971
— =
wl
2
=t —=
o
(42}
=
E .
o e K71
[N
S W
A e 2
= =
< >
o ™~ [ e
= K s B
<= = &
& e
_ o= &
I~ |16 PN
58
<2y
[7-] s w (=]
N < 5>
o = m
Owe
de T235H
w = ¢
= e ) =
=331
o =)
4z &&=
SRS
=2
— € [T ]
2
- N
o~ ¢y O
-
-2
-~ an
<
| % - | | | | .
ssss 588 B882EB% 2323338
Yo~ JUNLVYIJWIL ¥y - JUNLYHILWIL VZ\NI/:JET - 3¥NSSIYd
INIT NIDAXO JHITT N3D0MAAH H3GWYHI OILYY 3¥NLXIw FIGURE 2—80

2-88

RACDDORNELL DOUGIAS ASTRORIAUITICS CORPARIY « EAST



HIGH PRESSURE APS REPORT MDC E0300
DESIGN HANDBOOK 12 FEBRUARY 1971

results, it is considered mandatory to vent the lines after long periods of low
usage. Also shown are variances in thruster chamber pressure and hydrogen and
oxygen line temperatures. None of the variations is severe. Comparison of
Figures 2-71 and 2-72 shows that there are no marked differences in APS variations
during the third or seventeenth orbit rendezvous missions. Figure 2-72a shows the
corresponding impulse expenditure histories for Orbiter B.

Investigation of APS operation in the presence of off-design conditions shows
results similar to the nominal case. Regulator output pressure variations of
fS percent and conditioning temperature excursions of 15 percent do not have large
effects on subsystem operating characteristics, and, when compared with the nominal
case, results are very similar, as shown in Figures 2~73 through 2-76 for the
third orbit rendezvous mission and Figures 2-77 through 2-80 for the seventeenth

orbit rendezvous mission.
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3. ASSEMBLY AND COMPONENT DESCRIPTION

The APS consists of four primary assemblies:

(1) propellant storage assembly

(2) conditioning assembly

(3) gaseous propellant storage and distribution assemblies

(4) thruster assembly

3.1 Propellant Storage Assembly - The propellant storage assembly includes

four primary subassemblies:
(1) tankage and insulation subassembly
(2) active vapor vent/cooling subassembly
(3) propellant acquisition subassembly
(4) pressurization subassembly

Tankage and Insulation Subassembly - The propellant storage pressure vessels

are fabricated of 2219-T87 aluminum. The tank and insulation assembly is shown in
Figure 3-1, The fiberglass outer shell must be pressurized during entry to prevent
collapse pressure loads and purged during grounds holds when propellants are loaded
to prevent condensation and resultant insulation damage. Storage tank configuration
design data for the two orbiters and the booster are presented in Figure 3-2,

Active Vapor Vent/Cooling Subassembly -~ Active thermal protection is provided

to propellants by a heat shield around the propellant tanks. This shield consists
of a thin metal foil shroud with attached cooling tubes. Liquid hydrogen from the
acquisition screen channels is first throttled through a laminar flow throttling
device to reduce temperature, then circulated through the hydrogen tank cooling
tubes where heat to the propellant is intercepted through liquid vaporization.
This coolant fluid cools the hydrogen turbopump enclosure. Finally, the gaseous
hydrogen is used for oxygen tank and oxygen turbopump cooling. A flow schematic
of the vent/cooling subassembly is illustrated in Figure 3-3 which shows the pres-
sures, temperatures and flows.

Propellant Acquisition Subassembly - The propellant acquisition subassembly

consists of passive surface tension screens mounted in annular trays which selec-
tively pass liquid to the feed subassembly. The design of the propellant acquisi-
tion subassembly is illustrated in Figure 3-4. A detailed definition of the screen
trays is shown in Figure 3-5. The trays are separated from the tank wall to
prevent vaporization of the propellant within the positioning device, but are
sufficiently close to the tank walls to allow contact with liquid for any pro-

pellant orientation. 3.1
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COOLING SHROUD
(1 §IL FOIL)
FIBERGLASS 1/8 DIA
OUTER SHELL-\ TUBING
\ INSULATION BLANKET
(ORANGE PEEL)
\
I-I/
: /.L b
N PURGE N PURGE PORT
VENT ”
',_ LAUNCH G
He FILL/VENT ‘ REENTRY G
He REGULATOR /
(L0, TANK ONLY) / FILL
CRYOFOAM // PRESSURE VESSEL
(LH2 TANK ONLY) (2219-T87 AL)
SCREEN CHANNEL

ACQUISITION RINGS (3)
Hy THERMO v TANK

PROPELLANT TANK INSULATION/COOLING CONCEPT

FIGURE 3-1

Pressurization Subassembly - The pressurization medium for both hydrogen and

oxygen tanks is regulated pressure helium gas stored at 3000 1bf/in2a in spherical
aluminum tanks within the propellant tanks. Gas pressure is regulated to 25
1bf/in2a for H2 and 30 lbf/inza for 02.

a pressure relief and reseal capability to preclude tank overpressuré failure.

The pressurization subassembly also includes

3.2 Conditioning Assembly — The conditioning assembly for both oxygen and

hydrogen consists of three primary components; turbopump, gas generator, and reburn
heat exchanger.

Turbopumps - The turbopump configurations are shown in Figures 3-6 and 3-7.
The LO2 turbopump consists of a single stage pump and a 2-stage, pressure com—
pounded, axial flow turbine. Pump impeller and turbine rotors are mounted on a

common shaft, supported by LO, cooled/lubricated element roller bearings. Bearing

2
cooling/lubricating flow is tapped from the high pressure pump discharge, directed
through the bearings, and reintroduced to the main stream flow at a low pressure

station at the hub of the impeller backside. The magnitude of the bearing coolant

3-2
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ORBITER B ORBITER C BOOSTER
Ho 07 Hy 07 Hy 0y ]
PRESSURIZATION COLD HELIUM ——— — o ==
STORAGE PRESSURE,LBF/IN 2A - 3000 — e
STORAGE TEMPERATURE, OR - 37(Hy) ANE 162 (02)_2_,4- I
DELIVERY PRESSURE,LBF/IN 2A 25 30 25 30 25 35
PROPELLANT TANK
VOLUME, FT3 1449 332 1485 335 108 2
MATERIAL — e 2219-T87 ALUMINUM  — - —
INSULATION HPI 'FOAM | HPI HPI,’FOAM] HP!I FOAM | NONE
THICKNESS, IN. 068.0.42 | 0.97 |0.68/0.42 ! 097 | o0z -
COOLING — ——— Hy VENT — ~=—--- - NONE - -
VENT RATE, LB-HR 1.68 - 200 | - NAT o NA
SHROUD ALUNINUM FOIL (0.005 IN. H,,0.000 1.0 | N/ ‘ NA L
TUBING | 0125 IN.DIAMETER COLOINWALL N A | NA |
PROPELLANT ACQUISITION ~————— SCREEN CHANNELS —-~ "~ — - - =
NO. CHANNELS 3 3 i 3 » 1| R
EXTRACTION RATE LB SEC 384 | 14.84 383 | 484 | 388 | 1503
EXPULSION EFFICIENCY, 98.3 99.4 97.5 994 | 965 ; 3 ¢
PERCENT B !

APS PROPELLANT STORAGE DESIGN SUMMARY

FIGURE 3-2
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ENTRY A

ACCELERATION CHANNEL VENT

GROUND GROUND
VENT FILL
f)/
CHANNEL \
FILL VENT TYPICAL SCREEN

COVERED ALUMINUM

e X
FEED LINE // FLIGHT OUTLET CHANNEL SECTION A A
GAS BYPASS — A
ORBITER B ORBITER C BOOSTER
SCREEN SIZE 2 250x1370(17 ) (2 250 x 1370 (17, )| 200 x 600 (40 ,.)

1 200x 600(40,)[1 200 x 600 (40 ;)

CHANNEL SIZE (IN.)
Hy 3x8 4x6 5x8
0y 3xb6 3x4 3x6

APS PROPELLANT ACQUISITION CONCEPT

FIGURE 3-4
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flow (5 percent allocated) is controlled by hydrostatic seals. The turbine end
bearing is lubricated and cooled by gaseous hydrogen from the accumulator. The

interpropellant seal which seals LO, from the hydrogen turbine bearing coolant uses

2
a triple vent.

The fuel turbopump is similar to the LO, turbopump. Two pump stages are used

2
to develop the required pressure and three pressure compounded axial flow stages
are used in the turbine. The pump impellers and turbine rotors are mounted on a

common shaft, supported by LH, cooled/lubricated roller element bearings. Hydro-

2
static, shaft riding seals are used to control bearing coolant. Like the LO2 pump,
5 percent of the flow is used for cooling and lubrication and is recycled. The

fuel turbopump does not require an interpropellant seal to separate propellant from

the hot turbine gas, since LH, is nonreactive with the fuel rich turbine gases.

Liquid hydrogen flow from thezturbine end bearing to the turbine is minimized by
use of a hydrostatic seal.

Figure 3-8 shows that the pump output pressures vary from approximately 1000
1bf/in2a at steady state operation to approximately 2000 lbf/inza at the end of
accumulator recharge. This is accomplished by permitting the turbopump shaft speed
to increase, and flow to decrease, as the accumulator is recharged. During re-
charge, gas generator flow and power to the turbine are constant except for slight
turbine power increases with speed (due to an increase in turbine efficiency).

Head, flow, efficiency, power, and torque characteristics of the pumps are
shown in a normalized format in Figure 3-9. Since stage specific speeds of the
LO2 and LH2 pump are nearly equal, their normalized characteristics will be the same.
Use of these normalized characteristics resulted in the head/flow characteristics
for values of constant shaft speed shown in Figures 3-10 and 3-11 for the oxidizer
and fuel turbopumps, respectively. These figures show the pump operating charac-
teristics during accumulator charge from the steady state operating point to maxi-
mum accumulator pressure. The dotted lines shown correspond to pump power require-
ments matched to turbine delivered power. A design efficiency less than the pre-
dicted maximum available at the operating point was used in APS design to provide
a margin in the design and to limit the flow range to the heat exchangers during recharge.

The turbopump fuel and oxidizer pump volumes are 10.58 and 6.05 in3, respec-
tively from the plane of the suction flange to the plane of the discharge flange.

The turbopump has been designed for a life of 100 missions with 50 starts

required per mission, or 5000 cycles. Based on the thermal shock duty require-

ments of the turbine rotor, cycle fatigue life is predicted to be 6000 cycles,

3-9

RACIDORMELL DOUGILAS ASTRORAUTICS CORMPARIY « EAST



HIGH PRESSURE APS
DESIGN HANDBOOK

HEAD RATIO ~ (H/N)/H/ND)pegian

EFFICIENCY RATIO - n/npgsioN

3-10

POWER RATIO - (P/N3)/(P/W)pesian
TORQUE RATIO ~ (L/ND/ALMpegian

REPORT MDC E0300
12 FEBRUARY 1971

0, Hy
MINAP | MAX.AP | MINAP | mAX. AP
PUMP

— PUMP FLOWRATE, LB/SEC 14.81 9.7 3.8 2.55

— SUCTION PRESSURE, LBF/IN2A 30 30 25 25

— SUCTION TEMPERATURE, °R , | 162 162 37 37

- DISCHARGE PRESSURE,LBF/IN‘A} 921 2082 1043 2340

— NUMBER OF CYCLES 50 - 50 -

TURBINE

— FLOWRATE, LB/SEC 0.255 0.255 0.425 0.425

- INLET PRESSURE, LBF/INZA 500 500 500 500

~ INLET TEMPERATURE, R 2000 2000 2000 2000

— PRESSURE RATIO, - 5.55 5.55 16.7 16.7

— NUMBER OF CYCLES 50 - 50 -

TURBOPUMP DESIGN SUMMARY
ORBITER B FIGURE 3-8
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The turbine blading for both the fuel and oxidizer turbopump turbines is the
axial flow impulse type. The blade design is symmetrical, utilizing neither
taper or twist, with the inlet and outlet angles equal to 21 degrees.

Both the fuel and oxidizer pump discharge volutes are designed for a proof
pressure capability of 1507 of maximum working pressure, and a burst pressure of
200% of proof. The hydrogen pump is designed to operate at 53,330 RPM, and the
oxygen pump at 21,337 RPM. First shaft critical speeds for the hydrogen and
oxygen pumps are 32,151 RPM and 33,550 RPM, respectively. This represents opera-
tion, with predicted bearing freedom, at 165% of critical for the fuel pump and
63.5%7 of critical for the oxidizer pump.

Both the fuel and oxidizer pump shaft support bearings operate at bearing DN
values of 1.5 x 106.

Gas Generators — The gas generators provide 2000°R hot gas to the turbine at

a nominal pressure level of 500 1bf/in2a when operated with propellant inlet
temperatures of 250°R (GHZ) and 400°R (GOz).

The gas generator design concept was adapted from APS gas/gas thruster tech-
nology programs. Figure 3-12 shows the configuration and size of the hydrogen gas
generator. The oxygen gas generator is the same configuration, but has a smaller
injector and chamber since the required flow rate is lower. The oxygen gas gener-
ator size is also noted in Figure 3-12.

The gas generator operation is initiated with a signal to open the linked gas
generator valves and a signal to the electrical igniter. The opening of the bi-
propellant valve sends gaseous oxygen and hydrogen through the parallel flow cir-
cuits of the igniter and the primary injecter. The gas generator valves are shown
in Figure 3-12., Effectively, two valves are used; one is a primary, linked, pneu-
matically operated valve for on-off propellant control. The other is a vernier,
electrically operated, throttle valve. A linked primary valve was selected to
provide added assurance of proper propellant sequencing and to minimize potential
mixture ratio variations. There are flow restrictions (orifices) in each propellant
flow circuit between the linked bipropellant valve seats and the gas generator
injector to limit operation to an 80 percent power level. A bypass flow circuit
flows around each orifice, with individual throttling valves in each circuit. The
throttle valve is an electric torque motor actuated design. The throttle valves
allow propellant to be bypassed around the orifices for gas generator power level
control. The oxygen throttle valve also provides combustion temperature and mixture

ratio control, based on gas generator exhaust temperature measurements.
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The APS design has a gaseous oxygen and gaseous hydrogen injector operating at
a nominal mixture ratio of 1.0 to produce 2000°R gas. An electrical spark dis-
charges and ignites a smali torch flame down the center of the injector, which, in
turn, ignites the main flow. The propellant to the electrical igniter is tapped

from the primary inlet flow and secondary igniter valves are not used. The injector

proposed is an impinging coaxial element concept. The element provides a uniform
and homogeneous hot gas flow stream down the GG barrel and at the inlet to the
turbine nozzles. The injector is fabricated of brazed 347 Stainless Steel.

The propellant supply lines and injector manifolding is designed to provide
propellant flow velocities of less than Mach 0.3 in the circuits up to the injector
elements,

The flow velocities selected result in propellant feed lines of 3/8 in.inter-
nal flow diameter through the linked propellant control valves (on-off) for both
the hydrogen and oxygen gas generators. The parallel bypass lines around the
flow resistance orifice are 1/4 in.flow diameter through ‘the thfottling valves for
the hydrogen gas generator and 1/8 in.for the oxygen gas generator. These flow
circuits are sized to provide 407 greater flow capability than the flow through
the primary orificed flow path. The flow orifices are sized for the primary flow
of each gas generator. - The manifold volumes for each propellant circuit from the

linked propellant control valves to the injector face are:

Manifold Volume = 3" flow length @ 3/8" I.D. + injector volume +

2,5" flow length @ 1/4" I.D. (Hydrogen GG) :
" " + throttling valve
2.5" flow length @ 1/8" I.D. (Oxygen GG)

Injector Manifold Volumes = 2" dia - 1" dia x 1/2" thick = 1.6 cu. in.

Throttling Valve Volumes ~ 0.2 cu. in.

Each Propellant Circuit for Hydrogen Gas Generator has 2.27 cu. in.

Each Propellant Circuit for Oxygen Gas Generator has 2.18 cu; in.

The injector is coupled to a subsonic chamber, having sufficient length to
ensure complete propellant reaction and uniform hot gas temperatures at the turbine
inlet. The insulated (adiabatic wall) chamber is fabricated of A286 alloy.

3-15
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The chamber has a cylindrical barrel with a low hot gas velocity and a sub-
sonic converging section at the exit to provide an exit Mach of 0.5.
The stress of the chamber is dependent upon the wall thickness. The wall

thickness dictates the resultant hoop stress based upon the P r relationship and

the resultant thermal stress based upon the following: t
o (thermal stress) = E-a- Tf
3.25 k |~
(1 -p) (1.5 +225)
where; E = Young's modulus
a = Coefficient of Thermal Expansion
T, = Suddenly applied film Temperature, °R

f
= Poisson's Ratio

J7]

k = thermal conductivity

h = heat transfer coefficient
t

= material thickness

Based on a 1000°R assumed temperature at the worst gradient and a subsonic

4 BTU/inz-sec—°R the resultant thermal

heat transfer coefficient of 7.55 x 10
stress for a 0.030 in. wall is 10,400 psi and for 0.050 in. wall in 16,900 psi.
These levels compare to a hoop stress level of only 8,400 psi for the 0.03 in.
wall thickness. The A286 has a yield strength of 20,000 psi at 1500°R. The
creep stress rupture of the material is'l7,000 psi sustained for 60 hours at
1500°R. These levels identify that the 0.05 in. wall thickness has sufficient
design margin, however, additional thermal stress safety factor will be achieved
by utilizing a 0,030 in. wall.

Reburn Heat Exchanger - The heat exchangers in the propellant conditioning

assembly contain, in effect, second gas generators which initially reburn the
fuel-rich turbine exhaust products. These hot gases then flow between the heat
exchanger platelets to condition the propellants. Heat exchanger performance
and weights are shown in Figure 3-13.

Heat exchanger design is illustrated in Figure 3-13a. The core consists of a
series of liquid propellant platelet assemblies, each separated by a hot gas flow
passage. Platelet construction techniques provide controlled heat trnnsfer coef-
ficients for hot gas and cold propellant sides. The exploded view of the liquid

propellant platelet assembly shows that the liquid propellant enters the center
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HYDROGEN OXYGEN

HOT SIDE

INLET PRESSURE (HEATING SECTION) - PSIA 30.0 88.0

OUTLET PRESSURE (HEATING SECTION) - PSIA 25.1 79.9

INLET TEMPERATURE (HEATING SECTION) - OR 3751.2 4152.0

OUTLET TEMPERATURE (HEATING SECTION) - °R 820.6 800.7

INLET VELOCITY (HEATING SECTION) - FT/SEC | 30129 1146.2

EXIT VELOCITY (HEATING SECTION) - FTAEC | 11074 §57.7
COLD SIDE

INLET PRESSURE (HEATING SECTION) - PSIA 1045.0 925.0

OUTLET PRESSURE (HEATING SECTION) ~ PSIA 1034.8 8743

INLET TEMPERATURE (HEATING SECTION) - °R §0.0 170.0

OUTLET TEMPERATURE (HEATING SECTION) - °R 250.4 461.3

INLET VELOCITY (HEATING SECTION) - FT/SEC 97.0 43.3

OUTLET VELOCITY (HEATING SECTION) - FT/SEC 61.1 68.1
whm—:s (DESIGN HOT GAS FLOY RATE) - LB/SEC 0.746 0.479
WCDE ¢ (DESIGN COLD SIDE FLOY RATE) ~ LB/ASEC 3.84 14.8
HEAT FLUX (TOTAL) ~ BTU/SEC | 2798.2 2139.0
HOT GAS MIXTURE RATIO ~ Wiy 2.55 2.7
A, AND A_ (HEATING SURFACE) - IN.2 227136 1551.0
Wy (HOT/COLD METAL WEIGHT) - LB 30.4 35.7
¥ipy (INTERPROPELLANT RETAL WEIGHT) - LB 283 48.4
Wyisc (METAL STRUCTURE, MANIFOLD, ETC)  ~ LB 26.5 17.4
TOTAL HEAT EXCHANGER WEIGHT ~ LB 85.2 101.5
MATERIAL - INCONEL 718 | NICKEL 200

HEAT EXCHANGER PERFORMANCE AND WEIGHT
FIGURE 3-13
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MANIFOLD

CONDITIONED
PROPELLANT

REGENERATIVELY &
COOLED CHAMBER

LIQUID
PROPELLANT

HIGH TEMPERATURE REBURN HEAT EXCHANGER
FIGURE 3-13a
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of the platelet, is distributed across its width, directed up its length where
the flow is split and directed back down the platelet stack. Heat exchange with
the hot gas occurs on the downpass because the closure plate for the downpass
channels is also the wall of a gas generator segment. At the bottom of the down-
pass, the conditioned propellant discharging from each of the platelets is gather=-
ed in a manifold’assembly and directed to the accumulator.

The heat exchanger shell is regenatively cooled and is acutally one half of
a main heat exchanger platelet. The liquid propellant flows up the outside passage
of the shell and down the inside passage where it is conditioned. It is collected
with the conditioned propellant from the main platelets.

The baseline internal configuration of the heat exchanger platelets is de-
fined in Figure 3~13b. Using this configuration heat exchanger steady state per-—
formance operating maps were defined. Hydrogen heat exchanger operating maps are
shown in Figure 3-13c for a hot gas inlet (turbine discharge) pressure of 30 LBF/
inzA and for a hydrogen inlet pressure of 1045 LBF/inzA. The operating limits
are defined by limiting the wall temperature to above 500°R, and limiting the
velocity at the exit to less than sonic. A 500°R minimum wall temperature is
required to preclude freezing of water on the heat exchanger surfaces. The steady
state heat exchanger operating point for only +4+X thruster usage is shown in
Figure 3-13c(a). At this point the conditioned hydrogen temperature is 250°R, the
conditioning assembly is operating at an overall mixture ratio of 2.55 and the ex-
haust gas is above the condensation limit. Increasing the thruster usage by 25%
to allow attitude control usage during +X thruster firing results in the operating
map shown in Figure 3-13c(b).

During an accumulator charge cycle, heat exchanger cold side pressures will
increase, and flow rate will decrease. This change in flow and pressure requires
that heat exchanger oxygen flow rates be reduced to provide a corresponding reduc-
tion in the total enthalpy available in the hot gas. This is accomplished by
throttling the heat exchanger oxygen flow to maintain the desired hot gas outlet
temperature. The throttle will be continuously controlled on the basis of accumu-
lator pressure. Near the end of the recharge cycle the hydrogen pressure will
reach the 2000 psia shown in the performance maps defined in Figure 3-13d. The
corresponding operating point is shown in Figure 3-13d(a).

The operating performance maps for the oxygen heat exchangers are shown in
Figures 3-13e and 3-13f.

The gas generator portion of the reburn heat exchanger is illustrated by the
igniter shown in Figure 3-13a. The turbine exhaust gas is mixed with oxygen along
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the width of each gas generator panel. The ignition source for the turbine ex-
haust gases and the GO2 is a catalytic igniter in the GO2 manifold, as shown in
Figure 3-13a. Ignition in the GO2 distribution manifold provides a short duration
of high mixture ratio hot gas for ignition. This approach was used because a
major concern is providing an ignition technique which allows uniform and consis-
tent ignition between each of the closely spaced plate assemblies. The catalytic
igniter is turned off after achieving uniform cowbustion downstream of each of the
GO2 injecters. This catalytic igniter concept requires the distribution, by the
GO2 injecter manifold, of approximately 2500 - 3000°R hot gas for short durations.
A stress analysis was conducted using steady state wall temperatures and a
maximum pressure of 2475 LBF/inzA, allowing for an over shoot of the design maximum

pressure. The following results were obtained.

HYDROGEN | OXYGEN |HYDROGENJ

FLOW SHEAR 4.7 2.4 >10
CHANNEL
STRESSES BENDING 2.2 HIGH

(KST)
TENSION 2.2 HIGH

HOT SURFACE THERMAL
STRAIN

3.3 Gaseous Propellant Storage Distribution Assembly - The gaseous propellants

are stored in 2219-T87 aluminum accumulators, which are insulated with aluminized
mylar high performance insulation. These accumulators are pressure cycled a maxi-
mum of 50 times during each flight. The required orbiter B accumulator volumes are
29.0 ft3 for the hydrogen and 11.6 ft3 for the oxygen. The propellant distribution
subassembly includes lines, valves, regulators, and manifolds. Line routings have
been shown previously in Figures 2-13, 2-14, and 2-15. Line sizes and lengths are
shown in Figures 3-14 through 3-16. Lines are aluminum and are insulated with
aluminized mylar insulation. Manifolds provide a convenient method of distributing
propellant to particular groups of thrusters and to provide isolation capability

for banks of thrusters in the event two valves fail open in series.

The regulators which control the pressure to the thrusters and to the gas
3-25
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generators are defined in outline by Figure 3-17. A small, dome loading, reference
regulator is used to provide reference pressure to the main regulator. This con-
figuration, proposed by Marotta Scientific Control, Inc., can provide the required
regulation accuracy with adequate flow capability.

3.4 Thruster Assembly ~ The APS uses gaseous hydrogen-oxygen thrusters to

provide the impulse necessary for space shuttle vehicle attitude control and
orbital maneuvers. APS weight is very sensitive to the performance of these
thrusters, due to the magnitude of APS total impulse requirements. Figure 3-18
shows the thruster design selected. Associated thruster performance is presented
in Figures 3-19 and 3-20. The thruster design presented in Figure 3-18, consists
of four primary components: propellant injector, combustion chamber, igniter, and
propellant controls.

The injector concept selected for the high pressure APS thruster is an imping-

ing coaxial design. This is a variation of the more conventional coaxial element,

et — 3.0

jr—
)
vy

6.4 T ] MAROTTA
380847 REG

8.6 I .

1

4.75 - 6.75

PRESSURE REGULATOR

FIGURE 3-17
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FIGURE 3-18
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THRUST = 1850 LBS \
P =500 PSIA
PROPELLANT TEMPS \
GHy — 245°R
GO, 380°R
1 2 3. 4 5 6 7
MIXTURE RATIO
HIGH PRESSURE APS THRUSTER PERFORMANCE
FIGURE 3-19
DESIGN POINT
THRUST, LBS 1850 1850
MIXTURE RATIO 4.0 40
CHAMBER PRESSURE, LBF/INZA 500 500
AREA RATIO 60 150
PROPELLANT TENP, °R
HYDROGEN 245 25
OXYGEN 380 380
CHAMBER COOLING, % (€ < 11:1) 76 76
NOZZLE COOLING, % (e> 11:1) 5.4 5.4
PERFORMANCE
THEORETICAL Igp VACUUM, SEC 425 4817
COOLING LOSS, SEC 79 79
IMPURITY LOSS, SEC 1.0 1.0
CURVATURE-DIVERGENCE LOSS, SEC 39 29
KINETICS LOSS, SECS 27 30
ENERGY RELEASE LOSS, SEC 46 46
BOUNDARY LAYER LOSS, SEC 59 15
DELIVERED VACUUNM SPECIFIC INPULSE, SEC 446.5 454.8
HIGH PRESSURE APS THRUSTER PERFORMANCE SUMMARY  ricuRe 3-20
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wherein fuel is injected normal to the axially directed oxidizer stream. The im-
pinging coaxial design uses a concentric ring manifold attached to a free plate
assembly containing internal fuel passages. The oxidizer channels discharge through
the face plate parallel to the chamber axis. The fuel channels feed into a laby-
rinth of passages in the face plate which provide regenerative and transpiration
cooling of the face as well as fuel entry into each element.

The combustion chamber is composed of a regeneratively cooled section, extend-
ing from the injector to a nozzle area ratio of 11:1, and a separate film cooled
expansion nozzle. The regeneratively cooled chamber employs a rectangular channel
geometry and is fabricated of a high conductivity copper alloy. The design is a
single pass concept with hydrogen entering the chamber at an area ratio of 11:1
and flowing forward toward the injector and discharging into an injector manifold.
The manifold also supplies hydrogen to a fuel film coolant ring which distributes
a small percentage of fuel down along the chamber wall. The nozzle extension is
attached to the regeneratively cooled chamber at an area ratio of 11:1 and extends
to the exit diameters of 12.9 in. and 18.2 in. for area ratios of 60 and 120,
respectively. Cooling of the nozzle is achieved by introducing 4 to 5 percent fuel
flow, depending on the area ratio, at the point of attachment to the regeneratively
cooled chamber.

The igniter for the high pressure APS thruster utilizes the spark discharge
technique. Electrical ignition is attained by a spark discharge across the oxi-
dizer flow stream. The immediate downstream addition and mixing of a small quan-
tity of fuel to the spark-excited oxygen causes ignition within the igniter cham-
ber. Figure 3-21 depicts this basic design.

The sequenced electrical igniter provides positive, fast ignition of primary
injector propellant. The initial valve signal opens the thrust-chamber-valve pilot
valve, the igniter valves, and initiates the spark current for the electrical
sequencer., The igniter torch is established in 0.025 sec. The primary thrust
chamber valves begin to open in 0.035 sec and are fully open 0.010 sec later. The
thrust trace parallels valve opening rate and full thrust is achieved 0.045 sec
after initial valve signal. The cycle is reversed for shutdown.

The propellant control valve for the APS thruster is a linked parallel poppet
type with pneumatic actuation. The pneumatic actuation is provided by hydrogen gas
from the feed lines. The valve is shown in Figure 3-22. This configuration has
been tested under NASA-Lewis contract Number NAS 3-14354 and has demonstrated

repeatable travel times of 0.010 sec. This type of valve provides the response
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BIPROPELLANT VALVE

PROPELLANT‘ _H:—‘“_ . | 0/F = 35
INLETS § l
| - - l"
18,
1l -
(_ N N 0 /F - 5
- ) B _— 1. 5000°R
Wpg — "
GLA SPARK PLUG IGNITER CHAMBER
IGNITER BODY

T = 3500°F

APS SPARK IGNITER
FIGURE 3-21

capability required for pulse mode operation. The poppet type valve also seals
with a minimum of sealing surface wiping or surface shear, a desirable feature from
a cycle-life standpoint.

The poppet seat material is KEL-F, which exhibits excellent compatibility with
the propellants. Reasonable seal stress levels are achieved by control of seat
surface area, and by balancing actuator spring force. The single pneumatic actu-
ator is coupled to both the poppet shafts with a common link. The fast response
pilot valve sequences regulated hydrogen line pressure into the pneumatic actuator
to open the valve. The actuator cavity is vented when the pilot valve is sequenced
closed and the actuator spring closes the valve. Venting is accomplished intern-

ally through the thruster assembly.
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FIGURE 3-22
3-34

PACDORIRNELL DOUGLAS ABSTRORNAUTICS CORPARIY ~ EAST



REPORT MDC E0300

HIGH PRESSURE APS
12 FEBRUARY 1971

DESIGN HANDBOOK

4, CONCLUSIONS

Data presented in the preceding paragraphs provide a complete description of
the high pressure APS configurations defined for space shuttle high and low cross
range orbiters and the booster. These definitions are the result of effort con-
ducted under Contract No. NAS 8-26248. Although APS configurations were based on
requirements defined in Reference (e), weight sensitivity data included in the

study allows APS weight definition for a range of design and mission variables.
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(a)

(b)

(c)

(d)

(e)

(£)
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